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by P. ARAi\lIBARRI * and O. TALIBUDEEN 
Rothamsted Experimental Station, Harpenclen, Hcrts. (Unitccl I<ingdom) 
INTRODUCTION 
When results for the rate of isotopic exchange in two Rothamsted 
soils were analysed graphically, the total isotopically exchangeable 
(or 'Iabile') phosphate of a soil suspended in 0.02 M KCl solution 
was found to be sub divisible into three or four fractions depending 
on the rates at which these fractions exchanged isotopically with 
the phosphate ions in solution 10; the slowly exchanging part of 
the isotopically active phosphate in the calcareous soil was decreased 
by introducing low concentrations of organic anions although its 
lability was increased. 
We now report the rate of dissolution of the ortho-phosphate ion, 
the equilibrium concentration of phosphate ions in solution, the 
rate of isotopic exchange, and the total isotopically exchangeable 
phosphate at 25°, 35° and 45°C, in four soils of similar mechanical 
composition but with varying amounts of calcium carbonate, 
total phosphorus and organic carbono 
Aslyng 1 observed that with Rothamsted soils (pH range 
4.5-7.5) the equilibrium phosphate concentration in 0.01 molar 
calcium chloride increased 1 to 2 per cent per degree centigrade 
as the temperature was raised fram 9° to 27°C. He also showed 
that this effect was reversible between 0° and 30°C, suggesting 
that the soil phosphate does not change irreversibly within this 
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temperature range. Our work is confined to the examination of 
calcareous soils where the presence of the ortho-phosphates of 
calcium wiU mainly contribute to the behaviour of the soil phos-
phate. Although much detailed work has been done on the system 
CaO-P205-H20, the effect of temperature on its kinetics has not 
been clearly defined. The results obtained by Warington 11 and 
later Bassett 3 suggested that the hydrolysis of solid calcium 
ortho-phosphates in aqueous suspension leads to the loss of phos-
phorus or calcium to the solution until a solid with a Ca : P ratio 
of 1.67 is obtained. Schleede et al. 9 demonstrated this clearly 
but they also founc1 that dicalcium phosphate dihydrate was 
hydrolysed to an apatite-like material only after a prolonged 
hydrolysis with "hot" water. The rate of this hydrolysis increasec1 
when a critical amount of a solid calcium phosphate more basic 
than the dicalcium phosphate had been formed 5 8. Their obser-
vations provide a logical explanation for the difference between 
the behaviour of phosphate-rich and phosphate-deficient calcareous 
soils observed in the work described below. 
The kinetics of the dissolition of phosphate at a fixed volume and 
a constant ratio of soil: solution have not been studied, presumably 
because the solid phase is so complexo If, however, it is assumed 
that the rate-controUing process is the diffusion of ions from the 
surface through a constant thickness of the "saturation layer" 
of solution, the rate of dissolution of phosphate is proportional 
to the distribution of phosphate on the soil surface and to the 
saturation deficiency in solution. (The saturation deficiency is 
defined as the difference between the concentrations at saturation 
and at any time before saturation). A comparison of the rates of 
dissolution at different temperatures at the same saturation 
deficiency would show whether any changes occurred in the surface 
distribution 01 phosphate. We have used this concept to interpret 
qualitatively the differences observed between the kinetics of 
phosphate dissolution from phosphate-rich and phosphate-deficient 
calcareous soils. 
Little is known about how temperature affects the isotopic 
exchange of phosphate ions in soils, but it is generally assumed that 
increasing temperature must increase the rate 01 isotopic exchange. 
Bandrenghien and Govaerts 4 measured the rates of isotopic 
exchange 01 both calcium and phosphate ions in solid 'tricalcium 
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phosphate' suspended in CaClz and Na2RP04 solutions at temper-
atures between 18° and 180°C. They found that the rate of exchange 
for both ions increased to the same extent up to 60°, after which 
the rate of phosphate exchange increased continuously up to 180° 
whereas the rate of calcium exchange increased at arate greater 
than that of phosphate. They found that at temperatures greater 
than 60° the solid phase was converted to a chlorapatite and 
suggested that the calcium exchanged faster because calcium ions 
and their supplementary chloride ions migrated into the crystalline 
solid (in equivalent exchange for ionic Ca(OR)2). Our work shows 
that in calcareous soils of low phosphate status similar discon-
tinuously large changes occur in the rate of phosphate exchange at 
temperatures greater than 35°C; presumably, they are associated 
with a change in the nature of the solid phosphate in the soil. 
MATERIALS AND iVIETHODS 
The arable soils used are described in TabIe 1; 50i18 e alld D have a high 
phosphate status relative to soils A and B. The mechanical compositions 
oí the soils are approximately the same, the majar differences being in their 
TABLE 1 
Description of soils 
Rot- Or- Total ** Response 
50B ham- pH in Clay ganic pilos- lo 
num- sted LocatioIl amI description 
be, num-
be, 
A A6480 Soke oi Pdcrborough; 
Light loam OH Lincoln-
shire limes tone . 
B A8832 Rothmllsted; ExhaustiOll 
land ("Superphosphate" 
p1ot) 
e A8867 Rothamstcd; Highficld 
D A6491 :i\lidland Agricultura1 Co1-
lege Centre, Tinwell, Rut-
1and; Uedium 10<1m OH 
Inferior Oolite . 
* By dry combustion methoc1 
** By He 104 digestioll 
O.02M 
KCl 
7.7 
7.6 
6.8 
7.9 
con-
CaCOa 
" 
car- phorus phosphatc 
tent " ban * rng P ferti-
% per CCllt lisation 
22.6 3.2 2.10 52.6 Good 
19.3 1.5 1.01 66.2 i\lodcrate 
20.3 <0.1 3.63 96.4 Nonc 
18.5 23.1 2.65 156.0 None 
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total phosphate and CaCOa contents. Soils e and D contain much more 
phosphate than soils A and B. 
The methods used weTe similar ta thase already described 10; 0.5 g oí 
the soil was shaken continuously with 100 mI Di 0.02 NI KCl at constant 
temperature and the phosphate dissolved from the soU was determined at 
suitable intervals. The suspension was labelled with "carrier-free" * p32 
when the initial rapid rise in phosphate concentration had ended. The total 
phosphate and p32 concentratian in solution \VeTe measured at suitable times 
until the specific activity in solution was constant within experimental 
error. CaTe had ta be taken with centrifugatian at high speeds when sepa-
rating the soil and the solution to keep the system at chemical equilibrium 
at the time of sampling. The \Vhole sampling procedure required about 15 
minutes. 
RESULTS 
Preliminary experiments 011 the rate 01 dissolution 01 PhosPhate and 
its temperalure dependence 
The general pattern for the rate of dissolution of phosphate ions 
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Fig. 1. Influence of temperature on the rate of dissolution of phosphate 
from 0.5 g soil in 100 mI 0.02 M" KCl. 
Low P status ---, High P status - - --. 
* The term "carrier·free" implies that the phosphatc concentration of the radioactive 
solution added was too small to change the phosphate concentration of the soil solution 
measurably. 
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for these soils exhibited two characteristics - an initial rapid 
increase with time in the phosphate removed from the soil, followed 
by a slow increase or a slow decrease at longer times. Soils A and 
B, with low total phosphate, showed a slight increase, which was 
little affected by temperature. It is assumed here that the rapid 
increase with time corresponds to a true dissolution and the sub-
sequent behaviour comes from secondary unspecified reactions. 
The time when the rapid increase ends was estimated graphically, 
and the amount of phosphate dissolved at this time was taken as 
the saturation value for the "true dissolution" process. This 
saturation point was attained more rapidly as the temperature 
was raised from 25" to 35"C but the behaviour of the soils at 45"C 
varied according to their phosphate content. In Figure 1, the 
logarithm of the time required lor the 90% saturation value (or 
10% saturation deficiency) to be reached is plotted against the 
reciprocal of the absolute temperature. Soils A and B show a 
decrease in the rate 01 dissolution (corresponding to an increase in 
the time required for 90% exchange) aboye 35"C unlike soils C 
and D which contain much more phosphate; thus soil C does not 
show any change in tlle rate of dissolution between 35" and 45"C, 
and soil D, with a considerably higher Preserve, shows a normal 
increase in the rate of dissolution with temperature. 
Injluence 01 temperature on the eqltilibriwn concentration oj plzosphate 
in the soil solution 
The only systematic observations on the influence of temperature 
on the equilibrium concentration of phosphate in the soil solution 
in the literature appear to be those of Aslyng 1 already referred too 
These show that in Rothamsted soils there is a regular and rever-
sible increase of 1 to 2 per cent per degree centigrade in thephosphate 
concentration with increasing tenlperature in the range 0° to 
30"C. In Figure 2, the logarithm of the equilibrium of phosphate 
concentration is plotted against the reciprocal of the absolute 
temperature, which shows an alnlost linear increase fraD1 25° to 
45" in soils C and D of high P status. However, the percentage 
increase with soi! C is much greater than that found by Aslyng, 
presumably because it contains much organic matter. With soils 
A and B of low P status, the observed increase between 25" and 
35" is within the limits observed by Aslyng; between 35" and 
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45°, the phosphate concentration increases abnormal!y, suggesting 
a change in the nature of the solid phosphate phase. 
~.-. 
e := 
~o 
• • i? 0"20.0 
~O 
~O 
:0-;: 
e • 
- ~ 
.-__ ~1.!2 ______ • 
'" -",.20¡, e """-.... __ 
s~jji!-_ ... ---__ 
- ---, 
-----------B~rO.O 
~~ ~--------.=-~--------~,----------------
,,- __ ~oJL~ 
5.0 
0.5 
-----i-____ _ 
__ SOil e 
-SO-:-----4 1/8 _ .. __ 
--
-----. 
---
1
45°C 35°C 25°C 
0.1 L __ ----:-1I ______ -"--1 ______ IL-____ -L ____ -.::~I ~ __ __' 
3.1xIO-" 3.2xIO- 3 3.3xIO-3 3.4xIO-3 
Reciprocal af obsolute temperature 
Fig. 2. Influence of temperature 011 the total labile phosphate ancl the 
equilibrium concentration of phosphate in the soil solution. 
LowP status ---, High Pstatus-~ --, 
Injluence oj temperature O" the totallabile phosphate 
The totallabile phosphate in all the soils increases with temper-
ature (Figure 2) and, except for soil A, this increase is relatively 
smal! and regnlar between 25° and 45°. The totallabile phosphate 
in soil A, which has the lowest phosphate content of the four soils, 
increases considerably but fairly regularly in this temperature 
range. Apart from this, soils of low and high phosphate status 
show no clear difference in the behaviour of their total labile 
phosphate. 
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The labile phosphate can be sub-divided into the 'instantaneous', 
'rapid', 'medium' and 'slow' components as described previously 10. 
The influence 01 temperature on the distribution 01 these com-
ponents shows the lollowing trends: 
(1) As the temperature 01 exchange is increased, it becomes 
increasingly difficult to separate the 'instantaneous' and 'rapid' 
exchanging components; these are, therelore, relerred to here as 
a single 'rapid' exchanging component. 
(2) The increase in the totallabile phosphate and the phosphate 
in solution is reflected in a corresponding increase in the 'rapid' 
component. 
(3) The magnitude 01 the 'medium' component is always very 
small and does not show any regular alteration with temperature. 
40 The 'slow' component, however, is always large and tends to 
decrease with increasing temperature except in soil A, which shows 
a large increase as the temperature is raised Irom 35° to 45°C. 
Influenee 01 temperalure on lhe rate 01 isotopie exchange 
As shown previously 10, the rate 01 isotopic exchange is best 
represented by arate constant Irom the relation: 
0.693 Px.P" 
Rx = -- . -=--c---o:-
tI P x + P ss 
where P x is the isotopically-exchangeable phosphorus in the 'rapid', 
'medium' and 'slow' exchanging components respeetively 01 the 
labile phosphate P, in the soil, P ss is the phosphate in solution 
and tI is the hall-time 01 exchange graphically determined lrom the 
linear variation 01 the logarithm 01 the lractional exchange with 
time. 
Thus P, = PI + P2 + P 3 and the total labile phosphate 
Pe = P, + P ss. 
Table 2 shows the influence of temperature on the magnitudes 
and the rate 01 exchange oí the 'rapid', 'medium' and 'slow' com-
ponents íor lour soils. These results cJearly illustrate (1) the increase 
in the rates oí exchange with temperature, (2) the difference in 
the behaviour oí soils 01 low and high phosphate status between 
35° and 45°C. 
The rate oí the 'rapid' exchange is usually too íast to measure 
accurately. The magnitude oí the 'rapid' component increases 
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TABLE2 
Influence of tClllperature OH the compOllcllts Di the totallabile phosphate in four soils (l\Iagni-
tude of components in mg P per 100 g soil: Rates R z in mg P per 100 g son per haur) 
Soil A Soil B Soil e Soil D 
~ 
I 
~ ~ I Component of t ~ 8 ~ ~ o g E " o " E E totallabile phosphate '" " o ";; o E 3 
'" I " '" '" " '" " o " § " " " s " E " r 15 o u I U U u 
'Rapid' PI 25' 0.81 , 1.69 • 1.94 , 0.86 0.84 
35' 3.17 • 2.22 , 4.62 , 4.54 2.53 
45' 4.34 , 8.49 , 8.44 , 6.42 2.23 
'Mcdillm' p".!.. 25' 0.10 0.011 0.43 0.070 0.42 0.022 1.04 0.18 
35' 0.12 0.053 0.48 0.047 0.21 0.048 2.82 0.45 
45' 0.33 0.089 0.39 0.215 1.21 0.177 1.91 0.34 
'510\\" Fa . 25' 2.10 0.0035 7.74 0.021 8.16 0.013 8.72 0.046 
35' 6.31 0.015 8.04 0.027 6.15 0.079 8.34 0,078 
45' 10.50 0.116 2.99 0.139 7.25 0.069 7.25 0.092 
Total in soil PI; 25' 3.01 - 9.86 - 10.52 - 10.62 
35' 9.60 - 10.74 
-
10.98 - 15.70 
45' 15.17 - 11.87 - 16.90 
-
15.58 
P in solutioll [>88 at time oC tagging 25' 0.15 - 1.65 
-
0.80 - 2.04 
35' 0.44 - 1. 74 - 1.34 - 4.96 
45' 0.55 
-
2.69 - 2.58 
-
5.08 
Tolallabile Pe phosphate 25° 3.16 - 11.51 - 11.32 - 12.66 
35' 10.04 
-
12.48 - 12.32 - 20.66 
45' 15.72 - 14.56 
-
19.48 - 21.66 
* The rate of exchange was too fast to be measured reliably. 
gradually in all the soils between 25° and 45° and no clear dis-
tinction can be drawn between soils of low and high phosphate 
status. This is parallel to the behaviour of the totallabile phosphate 
describecl earlier. 
The magnitude of the 'medium' component is invariably very 
small and in general shows little significant change with temper-
ature. The rate of exchange, however, shows an abnormal increase 
with soils A and B between 35° and 45°C. 
The 'slow' component P3 always forms a significant part of the 
labile phosphate. Its magnitude does not vary appreciably with 
temperature with soils e and D of high phosphate status but in 
soil A, P3 increases considerably between 25° and 45° in contrast 
--
--
-
-
-
-
-
-
-
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Fig. 3. Influence oi temperature on the rate oí exchange oí the 'slow' 
component 'Ra'. 
Low P status ---, I-ligh P status - - --, 
with the behaviour of Ps in soil B. The rate constant for the 'slow' 
exchange (Table 2 and Figure 3) for al! soils between 25° and 35°C, 
and for soils C and D from 35° to 45°, increases slightly. Soils A 
and E, however, sho\\' a very sharp increase in the rate constant 
between 35° and 45°, although the magnitudes 01 their 'slow' 
components differ vastly. The rate constants at 45° in soils A and B 
01 low P status are of the same arder (0.116 and 0.139 mg P per 
100 g soil per hour) and are signilicantly greater than those in 
soils C and D (0.069 and 0.092 mg P per lOO g soil per hour) 01 
high P status. 
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DISCUSSION 
The principal teature of these results is tlle difference in tlle 
behaviour of soils of low and high phosphate status between 35° 
and 45°C. Thus, with soils A and B, the effect of temperature on the 
rates of dissolution, on the equilibrium concentration of phosphate, 
and on the rate of exchange for the 'slow' components, suggests 
the conversion of their 'slow' component into a new phosphate 
phase. 
The inorganic phosphate in calcareous soils in aqueous suspeusion 
thus seem to be in two distinct parts - a small but nevertheless 
important amount, which is rapidly labile, is probably associated 
with the surfaces of the clay and to a lesser extent with the calcium 
carbonate surfaces; the remainder, which exchanges slowly, 
consists of a mixture of the insoluble orthophosphates of calcium 
whose composition, and hence whose subsequent behaviour, 
depends on the conditions under which they were precipitated. 
Although the nature oí these calcium phosphates must be inde-
pendent of the amount of CaC03, they must be intimately associated 
physically with the calcium carbonate in the soil which is the 
source of the calcium concentration in the soil solution. Tlle amon"t 
of CaC03 in the soil must thus control the mnon"t of tlle insoluble 
calcium orthophosphate formed. The nature of these phosphates 
depends on the activity of calcium and phosphate ions in solution, 
the former being almost independent of the amount of CaC03 
present. In phosphate-rich calcareous soils, where the activity 
ratio Aca : Ap is low, the principal component of the precipitated 
phase will be dicalcium phosphate contaminated with a calcium-
deficient apatite (i.e. an apatitic structure with an atomic ratio 
Ca : P less than 1.67) whose amount and nature will depend on 
the amount of tlle soluble phosphate added initially to the soil. 
These results suggest that in such soils (C and D) this apatite is 
less than the critical amount suggested by the work of Buch 5 
and Sanforche and Henry 8; accordingly the rate of hydrolysis 
of the dicalcium phosphate to an apatite phase is very smal! and 
is indeed not measurable in our experiments. The reverse holds 
for the phosphate-deficient soils A and B where the clearly measur-
able changes in the slowly labile phosphate with temperature point 
to the rapid hydrolysis of the precipitated calcium pllosphates and 
Plant and Soil 
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the presence 01 a much higher proportion 01 a calcium-dejicient 
apatite, which is rapidly hydrolysed at higher temperatures to a 
true apatite with the consequent production 01 a phosphate-rich 
solution. It lollows that, when the phosphate activity in the soil 
solution is continuously depleted by sorne external agency (e.g. 
by plant roots or by continuous rapid leaching), the nature 01 the 
dicalcium phosphate residue in phosphate-rich calcareous soils 
wil! not be significantly affected until it is decreased to a very 
small proportion. By contrast, in a phosphate-deficient soil, such 
a process wil! considerably hasten the hydrolysis 01 the calcium-
deficient apatite to a much less labile true apatite. 
Aslyng 2 suggested that sorne calcareous Rothamsted soils 
contain octocalcium phosphate 5. The hydrolysis of octocalcium 
phosphate at high temperatures leads to the formation 01 hydro-
xyapatite and dicalcium phosphate, probably according to 
2Ca4H(P04ls + H 20 -+ Ca5(P04)3. OH + 3CaHP04 
Octocalcium phosphate is itself produced by the hydrolysis of 
dicalcium phosphate and a cyclic process can be imagined in which 
the octocalcium phosphate residues in the soil are progressively 
converted to hydroxyapatite. Until this conversion is nearly com-
plete, the more soluble dicalcium phosphate may govern the 
'quasi-equilibrium' concentrations in the soil solution and cause 
the abnormal behaviour of calcareous soils 01 low P status. 
The presence 01 potassium chloride offers another explanation 
01 this behaviour in soils A and B. The chloride ion diffuses lairly 
readily at elevated temperatures as a counter-ion (Bandrenghien 
and Govaerts 4) or in isomorphous substitution (lor OH-ions) 
into apatite or pseudoapatite type 01 phosphates to lorm a chlor-
apatite-like phosphate (B j errum 5) with greatly increased solu-
bility and lability. It is significant that soils C and D (the latter 
having 23 per cent calcium carbonate) show no signs 01 this be-
haviour, which suggests that if they contain any apatite-like or 
allied phosphates these cannot be detected in the 'labile' phosphate, 
and that their behaviour is masked by that 01 phosphate compounds 
01 higher energy content. 
The increased uptake 01 phosphorus by plant roots at elevated 
temperatures has been ascribed (Zhurbitzky and Shtrausberg') 
to increased plant-physiological activity in the roots as wen as 
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in the tops of plants. It is clear from this work that the higher 
rates of clissolution and the higher equilibrium concentrations in 
the soil as well asan increasedrate of turnover of the labile phosphate 
in the soil may, at least, be equally responsible for increased 
phosphate uptake. 
The turnover of the 'slow' component in soils of high P status 
is 5 to 10 times faster than in soils of low P status at 35°C; but at 
45°C, the situation is reversed, the rates in the low-phosphate 
soils being 1 t to 2 times higher than in soils of high P status. This 
suggests that an abnormally high uptake of phosphate may be 
realised from calcareous soils of low phosphate status et tempera-
tures aboye 35°C. 
SUM1\IARY 
The influence of temperature in the range 25° to 45°C on the rate oí 
dissolution and the equilibrium concentration of phosphate, on the labile 
phosphate and its components, and on the rates oí isotopic exchange in four 
soils with varying CaCOs cOlltents and phosphate status was investigated. 
There were abnormal increases in the equilibrium phosphate concentration 
and the rate oí exchange oí the slowly labile phosphate oí soils oí low P 
status betweell 35° and 45°. The slowly exchanging component normally 
constitutes the greater part oí the labile phosphate oí the soi1. The soils oí 
higher phosphate status, irrespective of their CaCOs content, did not show 
this abnormal behaviour. The observed differellce is connected with the 
nature and the composition of the basic calcium phosphates associated 
with the soil calcium carbonate. 
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